Mischmetal of Bayan Obo ore was utilized to prepare the high performance (Pr 7.34 Nd 21.86 ) 1-x MM x Fe 68.7 Al 0.1 -Cu 0.12 Co 0.88 B ribbons using melt-spinning method. Phase composition and magnetic properties were investigated at room temperature. The ribbons mainly consist of R 2 Fe 14 B phase in isotropic nanostructure. Both coercivity and maximum energy product decrease with the increase of MM content. The magnetic parameters of the ribbons with MM = 20 % in mass are B r = 7.38 kGs, H cj = 13.66 kOe, (BH) max = 11.81 MGOe. Henkel plots were applied to demonstrate the exchange coupling interaction between grains.
Introduction
(PrNd)-Fe-B magnet is widely used and rapidly developed due to its outstanding magnetic performance among various permanent magnets [1] [2] [3] [4] . However, Pr and Nd elements are less abundant in the natural rare earth resources, comparing with La and Ce [5] . Developing the high abundant rare earth permanent magnets is requisite for both cost reduction and efficient utilization of rare earth resource. Thus, the research on substitution of PrNd by Ce or mischmetal alloy has been paid much attention [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Recently, Pathak et al. [13] reported that the maximum energy product of the hot pressed and die upset (Nd 0.8 Ce 0.2 ) 2.4 Fe 12 Co 2 B alloy was 31 MGOe. Zhu et al. [14] investigated the influence of Ce content on the rectangularity of demagnetization curves and characterized the magnetic properties of (Nd 1-x Ce x ) 30 (Fe,TM) bal B 1 sintered magnet prepared by the double main phase alloy method. They found that the maximum energy product of the sintered magnet was still higher than 43 MGOe when the Ce content reached 30 % of the total amount of the rare earth metals. However, the raw materials mentioned above were pure elements separated and purified from the rare earth ore, thus it brought environmental pollution and couldn't achieve comprehensive utilization of the resources.
Instead of the PrNd alloy, the use of mischmetal (MM) of Bayan Obo ore to prepare R-Fe-B magnets is a valuable way for not only environmental protection but also the utilization of rare earth resource. Niu et al. [15] prepared the sintered R-Fe-B magnets containing MM by dual alloy method, and they found that for the atomic ratio MM/R < 21.5 % the magnetic properties reached a practical level of B r ~12.1 kGs, H cj ~10.7 kOe, and (BH) max 34.0 MGOe. But till now, the magnetic properties and microstructures of MM substituted for PrNd in PrNdFe-B have not been studied in details. In this paper, rapidly quenched ribbons with nominal compositions of (Pr 7.34 Nd 21.86 ) 1-x MM x Fe 68.7 Al 0.1 Cu 0.12 Co 0.88 B (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.5) were prepared, and the effects of the MM substitution for PrNd on the microstructures and the magnetic properties were investigated.
Experimental
The (Pr .38 wt.% Nd was used in this experiment. Each ingot was re-melted three times to promote the compositional homogeneity. The ribbons were obtained directly by induction melting the ingot in a quartz tube under an argon atmosphere and then ejecting molten alloy through the orifice in quartz crucible onto the edge of a rotating copper wheel. The surface velocity of copper wheel was set in the range of 10-30 m/s in order to optimize the magnetic properties. For easy identification, the samples with different MM contents and wheel velocities were named as A m,v , where the subscripts m and v denote the MM content and wheel velocity, respectively. For instance, A 5,20 represents the sample with 5 wt.% of MM prepared using the wheel velocity of 20 m/s. The phase composition of the ribbons was examined by X-ray diffraction (XRD) using Cu Kα radiation. Transmission electron microscope (TEM) measurement was carried out in a JEOL, Model JEM-2010. Magnetic measurements were carried out using Qantum Design vibrating sample magnetometer (VSM) at 300 K with the maximum field of 30 kOe.
Results and Discussion
The hysteresis loops of A 0,v , A 5,v , A 10,v and A 50,v ribbons prepared with different wheel velocities are showed in Fig. 1 . One can see that the shapes of the hysteresis loops of the ribbons prepared by melt-spinning technique are strongly dependent on the wheel velocity, especially for the ribbons without MM addition. Namely, the magnetic properties of the studied ribbons can be optimized by adjusting the wheel velocity in sample preparation. On one hand, the ribbons prepared with low wheel velocity (such as 10 m/s) show small values of coercivity and remanence due to the excessive growth of crystalline grains. On the other hand, the ribbons prepared with high wheel velocity (such as 30 m/s) exhibit even characteristics of a soft magnet with high magnetization. Nonacrystalline grains and even amorphous phase could form in the fast cooling process, which results in the disappearance of hard magnetic properties in the ribbons. The wheel velocity has similar effects on the magnetic properties in the ribbons with MM addition. However, one can find that this kind of influences becomes insignificant as the MM content increases. The hysteresis loops almost overlap for different wheel velocities when the MM content is higher than 10 wt.%. It indicates that the MM doped ribbons with similar and high magnetic properties can be obtained in the fast cooling processes with different cooling rates. This is quite valuable and meaningful for fabricating magnets in industry.
In order to determine the optimal wheel velocity for the studied ribbons, we have plotted the curves of coercivity H cj , the maximum magnetic energy product (BH) max and remanent magnetizaiton M r as functions of the wheel velocity (v) for A 0,v , A 5,v , A 10,v and A 50,v , as shown in Fig.  2 . As the wheel velocity increases, both H cj and (BH) max exhibit peaks in the curves, but the M r shows an nearly increasing trend except for few points. We still conclude that the optimum wheel velocities are 24 m/s for the MM free ribbons and 22 m/s for the MM doped ribbons. The optimum wheel velocity of the MM free ribbons is slightly higher than that of the MM doped ribbons, which should be attributed to the higher tolerance process parameters of the MM doped ribbons, as reported in Ref. [18] .
The coercivity and the remanence of magnet have close relationship with microstructure, such as the grain size and phase structure which could be partially characterized by XRD. The XRD diffraction patterns of optimally meltspun ribbons are displayed in Fig. 3 . All of the samples contain the isotropic R 2 Fe 14 B structure phases. It is shown in the XRD patterns that the diffraction peaks are not smooth and there are some weak peaks besides the peaks of the main phase, indicating a small amount of metastable phase and amorphous phase at the intergranular interface in these MM-doped ribbons, which is similar to the results in Ref. [18] . On the basis of the strong Bragg reflection peaks for 30 o < 2θ < 45 o , we estimate the average grain sizes of the studied ribbons using Scherrer equation and find that the values are in the range of 20-30 nm. The observation of nanocrystals in the ribbons implies excellent magnetic properties of the magnets. In addition, with the increase of MM content, most of diffraction peaks shift to high angle, and result in a slight decrease of lattice constant for the Ce substitution for Nd in R 2 Fe 14 B [5] . The obtained lattice constants using Jade software are listed in Table 1 .
The TEM images of (Pr Fig. 4 . The average grain size is about 30 nm, which coincides with XRD result. Rareearth-rich phase exists in the form of thin layer in Fig.  4 (b) and its thickness is about 4 nm. It is well known that the fine microstructure is beneficial to enhancing the exchange interaction between hard magnetic grains. Therefore, a strong exchange coupling interaction may exist in the studied ribbons.
The hysteresis loops of (Pr Table 1 . For all the samples, the coercivity decreases with increasing MM content. This is due to the fact that the substitution of Ce elements for Nd in R 2 Fe 14 B. Besides, the observation of amorphous phase and metastable phase in the MM-doped magnets are also responsible for the deterioration of the magnetic properties. Overall, the performance of the ribbon is excellent when the content of the MM is 20 wt.% with B r = 7.38 kGs, H cj = 13.66 kOe, (BH) max = 11.81 MGOe. This conclusion provides a reference for reducing the cost of preparation of permanent magnets and the achievement comprehensive utilization of the resources. The magnetization reversal process of the magnet is strongly dependent on the intergranular exchange coupling. For isotropic magnet quenching, the remanence ratio Fig. 6 . Each plot shows a strong positive peak at a field close to the coercivity and subsequent a weak negative peak, indicating that the strong intergranular exchange coupling takes place in our samples. That is in agreement with the TEM results. The peak values of the Henkel plots decrease with the addition of MM content, while the peaks reduce obviously for A 5,22 , A 10,22 , A 15,22 and slightly for A 20,22 , A 25,22 , A 50,22 . For the samples containing MM, the A 20,22 exhibits the highest peak value of δm. It means that strong intergranular exchange coupling exists in A 20,22. The exchange coupling effect is not only dependent on the composition of the main phase in the magnet, but also affected by the intergrain phase. The decrease of δm peak probably results from the changes of the main phase and homogeneity breaking of grain boundary in ribbons. Adding a small amount of MM, a part of Ce elements substitute PrNd in the main phase, and the rest exists in the grain boundary phase. This causes the change of the main phase and the non-uniform of the grain boundary phase, which leads to the rapid decrease of the peak value. The intergrain phases improve when MM content is over 15 wt.% because La element is more likely to exist in the grain boundary [20] . Hence, a thin layer of rare-earth-phase may form between the main phase grains and the grain boundary becomes smooth, hence the maximum value of δm increases due to the improvement of the grain boundary [18] .
Conclusions
In summary, we have studied the magnetic properties of (Pr 7.34 Nd 21.86 ) 1-x MM x Fe 68.7 Al 0.1 Cu 0.12 Co 0.88 B ribbons pre- pared with different wheel velocities. It was found that the optimized wheel speed of the ribbons contained MM was about 22 m/s. With the increase of the amount of MM, the coercivity, maximum energy product and remanence decreased. The intergranular exchange coupling was influenced by the addition of MM. The magnet with 15 wt.% of MM exhibited the weakest coupling interaction. The intergranular exchange coupling was improved when the MM content is higher than 15 wt.%. The present study could be helpful for preparing new permanent magnets with MM resource.
